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The idea of naturalness, as originally conceived, refers only to the finite renormalization of the 
Higgs boson mass induced by the introduction of heavier States. In this respect, naturalness is still 
a useful heuristic principle in model building beyond the standard model whenever new massive 
States are coupled to the Higgs field. The most compelling case is provided by the generation of 
neutrino masses. In this paper we confront this problem from a new perspective. The right-handed 
sector responsible for the seesaw mechanism—which introduces a large energy threshold above the 
electroweak scalę—is madę supersymmetric to comply with naturalness while the standard model 
is left unchanged and non-supersymmetric. Cancellations necessary to the naturalness reąuirement 
break down only at two loops, thus offering the possibility to increase the right-handed neutrino 
mass scalę up to one order of magnitude above the usual values allowed by naturalness. If also the 
weak boson sector of the standard model is madę supersymmetric, cancellations break down at three 
loops and the scalę of new physics can be further raised. In the type-I seesaw, this implementation 
provides right-handed neutrino masses that are natural and at the same time large enough to give 
rise to baryogenesis (via leptogenesis). The model contains a dark matter candidate and distinctive 
new physics in the leptonie sector. 

PACS numbers: 


I. NATURALNESS RECONSIDERED 

The idea of naturalness [1] is not so much about our distaste for fine-tuning dimensional ąuantities as about 
the decoupling of physics at different scales. What is felt to be unnatural is the cancellation among counter-terms 
originating at different mass scales because it jeopardises the possibility of defining a low-energy theory independently 
of the details of the higher scalę physics. In the language of effective field theory, the naturalness reąuirement implies 
that no large threshold corrections be present. A problem of naturalness only arises if 

1. There are (at least) two scales. The standard model (SM) taken by itself is natural. It is only when new physics 
is added at a higher scalę that the problem arises. It consists in an unnaturally fine-tuned cancellation between 
the bare mass and the ąuantum corrections in the definition 

rrĄj = mp — SrrĄj . (1) 

The correction is proportional to the mass of the new physics States and the coupling of these to the Higgs 
boson; 

2. We can compute the effect of the new physics threshold. What cannot be calculated cannot give rise to a 
naturalness problem because it goes in the unknown (and divergent) part that is present in the ąuantum 
corrections. A case in point is gravitational physics: as long as we do not know the theory of ąuantum gravity, 
we cannot compute its contribution to the Higgs boson mass and therefore it belongs to the non-computable 
part of the integral—the part that in dimensional regularization goes into the residue of the pole and about 
which we do not worry. The same holds for the strongly interacting regime at the Landau pole of the U{1)y 
gauge interaction. 

Even though naturalness as defined here is the mere restating of well-understood principles [2], the gist of it is 
often missed in many approaches (and even in some textbooks) because the renormalization of the Higgs boson mass 
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is expressed in terms of a momentum-dependent regularization where integrating over the degrees of freedom of the 
low-energy theory (the usual loop integral of the ąuantum corrections) is entangled with the integrating out of the 
high-scale modes producing the thresholds (in the running of the effective low-energy parameters) [3]. The use of a 
cutoff regulator—when discussing naturalness, as a proxy for the masses at the higher physical scalę—ultimately leads 
to incorrect results. Arguments based on generic ąuadratically (and cutoff dependent) divergent terms are misleading 
and suggest the mistaken conclusion that radiative corrections from loops of SM particles give rise to a naturalness 
problem. These corrections are only of the order of the SM particie masses and therefore included in the physical 
value of the Higgs boson mass without any fine tuning. In particular, there is nothing special in the large coupling of 
the top ąuark to the Higgs boson and loops of top ąuarks are not unnaturally large and need not be compensated by 
new States. 

The reąuirement of naturalness has provided in the past and still provides today, once properly understood, a rather 
valuable heuristic principle in model building [4]. It tells us that whatever new physics we wish to include above the 
SM, to be natural, it must enter in a way that does no introduce large corrections to the Higgs boson mass that would 
make the electroweak (EW) vacuum unstable. On generał grounds, whenever a threshold with particles of mass M, 
coupled to the Higgs field with strength g is present, ąuantum corrections generate a contribution 


5wĄj 


IGtt^ 




( 2 ) 


to the Higgs boson mass. It is possible to control the correction in eq. (2) in various way. In supersymmetry (SUSY), 
it vanishes because of the presence of bosonic and fermionie States with the same mass [5] . In this paper we confront 
the problem with the same supersymmetric cancellation mechanism in mind but introducing a crucial difference with 
respect to the usual approach: it is not the SM that needs to be super-symmetrized but only the new physics sector. 
On the contrary, the SM breaks SUSY of the new physics explicitly. The scalę of SUSY breaking is the EW scalę. 

If only the new physics sector is madę supersymmetric, cancellations hołd at one-loop level. They can be preserved 
to the next loop order by extending SUSY. In such a class of telescoping models, the large corrections are pushed to 
higher loop levels by extending SUSY to morę and morę sectors of the SM, and then to all loops by re-introducing 
the fully supersymmetric SM. In this very conservative and pragmatic approach, SUSY is not seen as a fundamental 
symmetry—its status resembling that of custodial symmetry in the SM. The extension of it—and the amount of 
superpartners—is determined by how severe the hierarchy problem is and how large a mass we want for the new 
physics States. 

We implement this program in the case of the seesaw mechanism for neutrino masses [6] as a well-motivated instance 
of new physics with an higher mass scalę above the EW scalę.^ The problem in this example is the order of magnitude 
between the highest mass of the sterile neutrinos that is natural and the lowest possible value for this mass for a 
viable baryogenesis to take place by means of leptogenesis. 


II. THE MODEL 

In this section we illustrate the idea outlined in the introduction with a specihc example, namely the generation 
of neutrino masses via the type-I seesaw mechanism. First, in section HA, we introduce a one-generation toy model 
which serves as template for the morę realistic implementation introduced in section HB. Finally, in section HC, we 
discuss the two-loops SUSY breaking effects generating corrections on the Higgs boson mass proportional to the large 
scalę. 


A. From a toy model with one generation... 

Let us consider first the (unrealistic) case of a single sterile neutrino with mass M much larger than the SM scalę— 
which we take to be = 264 GeV, the EW symmetry breaking scalę. To protect the EW scalę against ąuantum 
corrections, this State is introduced in a supersymmetric manner by means of the following chiral supermultiplet^ 

$NP = <() + 0 • Af + , (3) 


^ In [7] a similar approach was proposed to solve the dark matter (DM) problem. 
^ Throughout this paper we adopt the notation of ref. [8]. 
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which is a singlet under the SM gauge groups and is madę of the fields encoding the new physics: we identify the 
bosonic component (j) with an inert (complex) scalar singlet, the fermionie component N with the Weyl component of 
a Majorana sterile neutrino.^ Furthermore, we assign to $np a ^■Pnp = 1 charge under a symmetry to prevent 

the presence of linear or trilinear terms in $np in the superpotential. 

The supersymmetric sector is described by the usual Wess-Zumino Lagrangian [9] density 


£np 





9 VV($Np) + h.c. 


(4) 


where the superpotential is given by 

>V($Np) = ^®NP ■ (5) 

The mass M is the scalę of new physics. 

The eąuation of motion for the auxiliary field is 


F = - 


dW^ 




t 

NP 


= -M(^* 


( 6 ) 




At this stage the SM is described by the usual non-supersymmetric Lagrangian. In order to couple it to the new 
physics sector we identify a supersymmetric chiral superfield inside the SM States, namely 


= iL + 0 • L + rFi, 


(7) 


where $1 is a SU{2)l doublet madę of the SM Higgs boson H = ia 2 H* and the lepton doublet field (the left-handed 
electron and the corresponding neutrino). There is no contribution from $1 to the superpotential because of gauge 
invariance. The multiplet components have their SM masses, the splitting of which is of the order of the EW scalę 
and sets the SUSY breaking scalę provided by the SM Lagrangian. 

To protect the EW scalę, the coupling must be such as that no corrections 0{M'^) are introduced. It is not possible 
to couple the new physics chiral superfield $np and the SM chiral superfield $1 in a supersymmetric manner because 
of the hypercharge assignments. There are two Solutions to this problem and correspondingly two possible models. 
Either one works with just <i>i and introduces the interaction in the Kahler potential, or one introduces a new scalar 
multiplet $2 with the opposite hypercharge—as it is done in the Minimal Supersymmetric Standard Model (MSSM). 
Both models produce the same Yukawa coupling between the sterile and the SM neutrino. They can be distinguished 
because they come with their own characteristic set of new States. To remain with the simplest case (that is, without 
the necessity of introducing higher-dimensional operators in the Kahler potential), we explore in this paper the second 
possibility. Therefore, the chiral superfields are now three: 

= H^ + e-L^ + , ( 8 ) 

= Ht + e-htF 9^F^ , (9) 

$NP = (l> + 9-N + 9^F, (10) 


where the index a refers to the SU{2)l gauge group. We assign the following U{1)y, SU{2)l, and U{l)]i charges: 

$ 1 : (Y = -l, T3 = 1/2, r^,=0) , (II) 

$2 : (U = +1, n = 1/2, = 1) , (12) 

$NP : (Y = 0, T 3 = 0, = 1). (13) 

In eq. (9) h'^ represents a SU{2)l doublet of left-handed Weyl fermions, h'^ = while in eqs. (8)-(9) we 

adopt, as customary in models with two Higgs doublets (see section HIC), the following parametrization (before EW 
symmetry breaking) for the four neutral and two charged degrees of freedom: 


Rd 


V2 


^ (iL° cos a — ho sin a + iA° sin /3 — żG° cos /3) 

F[~ sin — G~ cos j3 
cos /3 -I- sin /3 

^(iL° sina-|-/lo cosa-f cos,5-f sin/3) ) ’ 


(14) 

(15) 
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Since we are working with left-handed chiral superfields, N should be interpreted as the charge conjugate of a right-handed sterile 
neutrino. 
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where a, /3 are two mixing angles and where we identify the neutral /lo component with the physical Higgs of the SM. 

The interactions among the three chiral superfields $ 1 , <i >2 and 4 >np in this model can be written in a supersymmetric 
manner, and the superpotential is given by 


>V($*) = + Y$NP : ( 16 ) 

where 77 is a generic coupling, while e = iu 2 indicates the SU{2)l invariant product (for simplicity, we take rj and 
M reals). Ali other terms are forbidden by gauge or 17(l)ij-symmetry because of our assignment in eqs. (11)-(13). 
There is a gauge anomaly that can be compensated by introducing an extra State with the appropriate hypercharge 
and mass 0{mh )—so as not to introduce new high-scale masses. The presence of this additional Higgsino-like State 
has important phenomenological conseąuences that will be discussed in the next section. 

By adding canonical kinetic terms for 4>i 2 , the model is described by the following Lagrangian 

C = {d^^nd^cj,) + Ńta^id^N) + Lia^^id^L) + H^) + 

+ F*F + + {F^YF^ + MijiF + McjFF* - —N ■ N - —N ■ N 

+ r,ea 0 [KHjF + Hj(j)F^ + • hjcj, - hj ■ NH^ - + h.c) . 

The eąuations of motion of the auxiliary fields are now 

, F^ = , F = - Mej,* 

and replacing them in eq. (17) gives rise to the following kinetic and interaction Lagrangians 

/Ikin = {d^(l>Y{d^ 4 >)-M^\<^\'^+ Ńia^{d^N)-^{N-N+ Ń-Ń) 

+ Lia^idf^L) + + {d^H^Y{d^Hi) + {d^HjY)*HjY) , 

Ant = -v\e^pHjjH^p){e^,p,HY*H^pn - 

~ V^ap ^Mej)*F[jjF[p + Lq, • Fpcj) + Fp ■ NFljj + Lq, • NFlp + h.c.^ . 

The Yukawa coupling eapLa ■ NHp + h.c .—together with the Majorana mass term for N —generates the usual 
type-I seesaw mechanism. In eq. (20) the quartic term with both scalar fields and the mixed term proportional to M 
guarantee, at the one-loop level, the typical cancellation characteristic of the unbroken Wess-Zumino model: the sum 
of the corrections to the Higgs boson mass vanishes as long as the components of the new physics multiplet have the 
same mass. For example the correction to the Higgs boson mass coming from the loop with the SM lepton and the 


(17) 

(18) 

(19) 

( 20 ) 



FIG. 1: One-loop cancellation among different contributions to the Higgs boson mass term in the setup outlined in section IIA. 
We mark in red the heauy States with mass M. 

sterile neutrino is cancelled by the sum of the diagram with the scalar singlet in the loop and the one with the scalar 
singlet and the fermionie neutral component of the chiral superfield 4>2. We summarize in fig. 1, from a diagrammatic 
point of view, the cancellation mechanism at the one-loop level. Notice that at this stage we are working in the 
unbroken EW phase sińce soft terms (like the masses of SM particles) only introduce natural corrections proportional 
to the EW scalę. 
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Let us close this section with one finał technical remark that will be useful in section III. Starting from the 
Lagriangian in eqs. (19)-(20), it is straightforward to integrate out the heavy fields N and (j). We find 




T 


id IJU 


( 21 ) 


+ Hi ■ • hi,Hp'^, + h.c. 




where the first term (last three terms) in the sąuare bracket is (are) generated by integrating out (j) (N). The dim-5 
operator €a/ 3 £a'/ 3 'La ■ La 'is the familiar (in spinor notation) Weinberg operator for neutrino masses. From 
eq. (21) is elear that all the effects due to the heavy chiral superfield $np decouple for large values of M. Finally 
notice that, as customary in SUSY, all the effective operators in eq. (21) are controlled by the same coupling constant, 
namely the Yukawa coupling 77 of the right-handed neutrino. 


B. ...to a morę realistic implementation 

A realistic implementation requires morę than one generation of neutrinos. Every supersymmetrized leptonie 
multiplet brings into the model an extra gauge doublet of scalar leptons which plays the role of the Higgs boson 
doublet in the first generation multiplet. The chiral superfields in eq. (8) and eq. (10) are now replaced by 

$“ = + 6» • and + 6» • , (22) 

where plays the role of the Higgs boson doublet iF“ in section II A, while are scalar leptons doublets. 

The multiplet $2 is left unchanged. There are three kinds of sterile neutrinos and, correspondingly, three kinds of 
additional heavy scalar singlets.^ 

The superpotential becomes 

bV(<I>i) = ^o&Ca/S^l ’ ^2®NP A J (23) 

and the relevant interaction Lagrangian is therefore 

c ^ -eap (fiabLi ■ + f,abLl ■ + rjuH ■ + mbh$ ■ + mbhf, ■ + h.c) . (24) 

The first term in eq. (24) gives the seesaw Yukawa coupling between sterile neutrinos and leptons, while the other 
terms give new physics beyond the SM, namely the Yukawa terms for the two scalar leptons interacting with sterile 
neutrinos and Higgsinos. These interactions always involve one heavy State—either N or 0—and are not relevant for 
low-energy phenomenology. We discuss some aspects of this phenomenology in section III. 


C. SUSY breaking at two and three loops 


The SM is not supersymmetric. It couples to the supersymmetric sector via the EW gauge interactions which 
therefore break explicitly SUSY at the two-loop level. This can be understood by looking at diagrams in which a loop 
of gauge particles is added to the basie one-loop diagrams of the previous section. Representative diagrams of this 
kind are shown in the upper panel of fig. 2 . 

Since the quantity we are interested in—the two-point function of the Higgs boson with zero external momentum in 
the massless EW theory—is gauge invariant, the computation can be performed in the Landau gauge, where the only 
relevant diagrams are those in the upper panel of fig. 2. Neglecting all masses at the EW scalę we find, considering 
for simplicity the model with one generation 






H 


1 + 


1 


cos^ a 


2 cos^ 0w 
■ 


d^q d‘^k — g • fc(3 — 2q • 




{2 tt] 

d‘^k 


^ (27r)"*' {q — kYq^{q^ — M'^)k? 
[g 2 - (g . k)/e] 


{2'kY (27r)^ q^k‘^{q — k)'^{q^ — M^) ’ 


(25) 


^ A simpler setup would be with just two kinds of sterile neutrinos [12]. 
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where g is the SU{2)l gauge coupling and 6 w the Weinberg angle. In eq. (25) the first (second) integral comes from 
the first (second) diagram in the upper panel of fig. 2, where the sum over all the particles exchanged in the loop is 
understood. 




FIG. 2: Upper panel: representative two-loop corrections to the Higgs boson mass responsible for the ąuadratic correction 
proportional to in eg. (29). The heavy States with mass M are marked in red. Lower panel: representatire three-loop 
corrections relerant if SUSY is extended also to the EW gauge sector of the SM (see text for details). 


The two-loop integrals can be computed using dimensional regularization [10]; we find 

2e 


2 2 

. 2 V 9 

orrifj = --— 


1-h 


1 


cos^ a 


2 cos^ dw 
1 


(47r)^ 



( \ 

(A-kY 

\M^ ) 

AlTfY ^ 
M2 ) 

2e 

I r( 2 e) 


^ r(2e—1) J dxidx 2 dx: 


-3 


5{xi + X2+X3- l)x'^ 

^ {xiX2 + XiX3 + X2 XzY^'^ 


(26) 


,d-i 


dxidx 2 dx 3 dx 4 


6{xi -\- X 2 + X3 + X4— l)x'l 
{XxX2 XiX3 -I- X2X3 + X2X4 + X3Xą)'^I'^ 


in d = 4 — 2e dimensions. The integrals over the Feynman parameters can be evaluated by means of the Cheng-Wu 
theorem [11] and, in the e —> 0 limit, we find the following exact result 


brr^Y = 


aw rf'M’^ 
Yk IGtt^ 


\ 2 4 cos^ 0w 


— cos a 


1 1 /3 


7e + In 




where 7 e is the Euler-Mascheroni constant and 


(27) 


7 2 

C = 2 - 37e + 7e + 




• In' 


AlTfY 


M2 M2 M2 ■ 

Disregarding the UV divergent part, and taking the renormalization scalę AttiY = we find 

/i 1 o ^ 


Smlr = 


aw rj 


47r 167r2 


4 cos2 dw 


— cos a 


2-37E + 7E + Yj 


(28) 


(29) 


where we approximate the numerical combination in parenthesis with a 0(1) factor. The generalization of this formula 
to the case of three generation would just introduce a morę complicated factor with the generał structure TYifYM^ff) 
(assuming, without loss of generality, a diagonal M). Since we are interested morę in an order-of-magnitude estimate 
rather than in a precise numerical analysis, we will employ eq. (29) for the purposes of our discussion. 

Before illustrating the implication of eq. (29), let us notice that the cancellation observed at one loop (as discussed 
in section IIA and hg. 1) can be further extended at two loops by super-symmetrizing the U(1)y ® SU{2)l gauge 
sector of the SM. In this case corrections to SrrĄj proportional to arise only at three loops via exchange of SM 
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FIG. 3: Three loops double-bubble diagrams with the top on the extemal bubble. 


ąuarks and leptons, as shown in the bottom panel of fig. 2. Among these three-loop dcontributions, the double-bubble 
diagrams in fig. 3 deserve special attention. These diagrams are proportional to the fourth power of the Yukawa top 
coupling yt, and—if proportional to —they would generate a correction to Smjj comparable in magnitude with 
the two-loop result in eq. (29). We find 


5rrĄj = 


. ^ , f d^k dH d^p 

J ( 2^)4 i2nY ( 2^)4 ^ 

/---- —1 -_____ 

\ k^ik-iyi*[{p + l)^ - M^] 


1 

k^{k - l)'^l'^{p^ - M^) 


p • k 

k‘^(k — iyi^p‘^[{p + lY 



(30) 


The first two integrals in eq. (30)— which correspond, respectively, to the scalar part of the two loops over N and 
(j) in the internal bubbles in fig. 3— generate, if computed individually, a correction proportional to However 

their sum, protected by SUSY, vanishes. The third integral in eq. (30) —which corresponds to the tensor part of the 
loop over N in the left diagram in fig. 3 —gives only a correction proportional to the external momentum (that is, a 
contribution to the wave-function renormalization). Therefore, the class of double-bubble integrals in fig. 3 cannot 
generate large corrections if SUSY protects the Higgs two-point function in the internal bubble. 


D. On the largest mass scalę allowed by naturalness 


As first discussed in [13], the type-I seesaw mechanism is natural for sterile neutrino masses up to M ~ 10^ GeV.® 
Up to this value, the Higgs boson mass can have its physical value without requiring any fine-tuned cancellation. In 
fact, the one-loop correction to the Higgs boson mass is given 


- 167r2 




(31) 


where stands for the Yukawa couplings of the sterile neutrinos and leptons. These couplings are fixed by the 
neutrino mass value and given by 

yl = . (32) 

By taking = 0.05 eV, and stretching the naturalness condition to its upper bound by taking < (1 TeV)^, we 
find 


M < 10® GeV. (33) 

Notice that M ~ 10® GeV corresponds to a Yukawa coupling y^, ~ 10“4. The result of [13] can be reproduced by 
taking, morę conservatively, 6 m'Y Y 

On the other hand, in order for baryogengesis to proceed via leptogenesis the mass of the sterile neutrinos must 
be of the order of 10® GeV—the specific number depending on the assumptions on the initial abundance and the 
hierarchy in the right-handed neutrino States [17]. This tension has been confirmed recently in [18] for the case with 
three generations of neutrinos. 


® The case of low-scale (resonant) leptogenesis [14] is natural because it can be realized with heavy Majorana neutrinos as light as the 
EW scalę ([15]; for a complete analysis including all flavor effects, see e.g. [16]). 

® Notice how, by following the cutoff prescription discussed in the introduction, in this case we would have been misled to consider the 
loop of the top quark and write Sm^ ~ AtA^/(16'7r^) and erroneously find 1 TeV as the largest value for having a natural seesaw. 









The model introduced in the previous section helps in solving this problem. The coupling t] in eq. (20) can be 
identihed with the Yukawa coupling y^, previously introduced. The cancellation taking place at the one-loop level 
pushes the hrst contribution to the Higgs boson mass at the two-loop level. This suppression can be used to rise the 
scalę of the heavy States. As we have seen in the previous section, the two-loop corrections gives a shift in the Higgs 
boson mass similar to that above but rescaled, namely 


Smjj 


yl «w 

IGtt^ 47r 




(34) 


which is natural as long as it is of the order of the EW scalę and at most 1 TeV. We now find that the sterile neutrino 
mass can be as large as 


M~10®GeV, (35) 

and therefore close to the lower bound on baryogenensis—the actual number depending on the details of the imple- 
mentation. 

If the supersymmetric sector of the SM is extended, by telescoping this model, to include also the EW gauge bosons, 
this value can be increased by one order of magnitude to M ~ 10^° GeV and thus comfortable within the viable rangę 
for leptogenesis.^ Larger scales can be achieved by extending SUSY to the SM fermions and then to the colored gauge 
States. In the latter case, we recover the fuli MSSM and cancellations to all loop orders. Erom this perspective, our 
approach completely overturns the usual conclusion (based on the cutoff regularization) according to which, in order 
to cancel the contribution of the top loop, one is forced to introduce, first and foremost, colored top partners in order 
to naturally justify a new physics scalę above the TeV. 


III. NEW PHYSICS 

In this section we discuss some low-energy implication of the setup outlined in section II. In particular, in section III A 
we highlight the new interactions characterizing the leptonie sector of the SM Lagrangian, and in section IIIB we 
discuss the role of extra scalar States; in section IIIG, we briefly mention the properties related to the existence of 
two Higgs doublets and conclude, in section HID, reviewing possible DM candidates. 

The aim of this discussion is not to be exhaustive, sińce a careful phenomenological analysis is beyond the scope of 
this paper. 


A. Leptonie sector 


At Iow energy the SM Lagrangian is enlarged by new degrees of freedom originating from the supersymmetric 
sector, C = /IsM + 'Cnp- 

Focusing on the leptonie sector, in addition to the usual SM Yukawa coupling, the model features the Yukawa 
interaction involving the right-handed neutrinos in eq. (24) together with their mass and kinetic term 


£np a - 


i\Tn h Trd I T^Tn / 


flabNf^Vj^H2 -\ + h.c. 


(36) 


The role of the SM Higgs doublet is played, as already mentioned, by H‘^. Furthermore, without loss of generality, 
we work in the basis in which M is diagonal. At this stage, lepton number is an accidental symmetry of the SM 
Lagrangian with the usual assignments. As a consequence in eq. (36) lepton number is violated by the Majorana mass 
term for two units as customary in the type-I seesaw. Notice that in our model we are not trying to relate the lepton 
number to the charge of the supersymmetric sector. On the contrary, lepton number is badly broken by the 

interactions in eq. (24). The important point to keep in mind is that all the interactions in eq. (24) always involve 


^ In order to produce thermally the heavy neutrino States a reheating temperaturę of the Universe after inflation of Lr > M is reąuired; 
excessively high values of Tr typically lead to an overproduction of gravitinos in the early Universe, in tension with Big Bang Nucle- 
osynthesis (BBN) constraints [ 19 ]. However, reheating temperatures up to Lr ~ 10 ^® GeV—compatible with a mass scalę M ~ 10 ^ — 
are not excluded because the gravitino density is still too smali to cause disruption of BBN [ 17 ]. Since our SUSY scenario does not 
descend from a supergravity model, we do not expect in any case to encounter the gravitino problem. 
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one component of the heavy chiral superfield $np and, apart form neutrino masses, they decouple from low-energy 
phenomenology. Since we are dealing with sterile neutrino masses as large as 10® GeV, in this realization all the 
effects related to the mixing between light and heavy neutrinos are severely suppressed. 


B. Extra scalars 

With reference to eq. (22), the model—considering the realization discussed in this paper—provides for extra scalar 
SU(2)l doublets with hypercharge Y = —1, namely The Lagrangian Lnp, therefore, will contain their kinetic 
and bare mass terms 


Lnp D , (37) 

where, in a diagonal basis, i = 2,3. This mass term is protected by the same mechanism protecting that of the Higgs 
boson. Additional couplings and mixings, allowed by Lorentz and gauge symmetries, might be present; for the sake 
of simplicity, we limit our analysis to a minimal set of operator. Since have gauge interactions, they can he i) 
constrained using LEP data via direct searches and EW precision observables and ii) produced directly at the LHC 
via EW Dreli-Yan processes mediated by s-channel Z or exchange. In both cases it is crucial to discuss the mass 
splitting between the neutral and the charged component of the doublet. 


i) LEP searches for both neutral and charged scalar particles place a lower limit on the value of their mass; as a 
rough estimate, we can use a representative 0(100 GeV) lower limit from direct slepton searches [21]. As far as 
the EW precision observables are concerned, the presence of the scalar doublet L — (L°, L~)'^ (we omit the index 
i hereafter) affects the obliąue parameters S, T and U [22]. These parameters enter in the vacuum polarization 
amplitudes of the EW gauge bosons, and are severely constrained by LEP-I and LEP-II results [23]. For the 
scalar doublet L we find the contributions [24] 
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(38) 

(39) 

(40) 


where a is the fine-structure constant. Of particular concern are the T and U corrections sińce they measure 
the amount of weak isospin breaking, here represented by the mass splitting Ato£ = TO£± — TO£o- In fig. 4 we 
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FIG. 4: LEP bound on the mass spectrum of the scalar doublet L — (LP. The gray region represents an indicative lower 
bound of the same order of the one set in the context of direct slepton searches [21]. The orange regions represent the T and 
3-<j exclusion limits obtained including eqs. (38)-(40) in the fit of LEP-I and LEP-II data [25]. 

show the 1- and 3-cr exclusion limits on the mass spectrum of the scalar doublet obtained from LEP-I and LEP-II 
data; mass splittings > 0(10 GeV) are in tension with EW precision data. Gonsidering the Lagrangian in 
eq. (37), the two components of the scalar doublet L are degenerate in mass at the tree level. However, EW loop 
corrections induce a mass splitting such that the charged component turns out to be slightly heavier than the 
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neutral one. Explicitly, we have [26] Am^ = (Q;w/47r)TO£o sin^ ć*w/ (^z/w^o) where, omitting the UV divergent 
part, /(r) = —r [2r^ Inr + (r^ — 4)^/^ In A] /4 with A = {r^ — 2 — r\/r'^ — 4)/2. This would correspond to a mass 
splitting Am^ ~ 250 MeV for mio = 150 GeV. Thanks to this mass splitting, the charged component of L is not 
stable; the dominant decay channels are L^W^* , L^e^ye, LP The first one turns out to be 

dominant [26, 27], with a typical decay length cr^± ^ 0(10cm) if Ato£ is of the order of a few hundreds MeV’s. 

ii) EW Drell-Yan processes have three potential signatures: mono-X (where X can be a jet, a photon or an EW 
gauge boson), disappearing tracks and emission with subseąuent lepton decay. As far as mono-jet analyses 



FIG. 5: Representatwe Feynman diagrams (at the parton level) describing a typical mono-jet event with one hardjet and missing 
transverse energy in the finał State (left panel), and with the additional presence of a disappearing track due to 
decay (right panel). 

are concerned, mono-jet searches have been carried out both at the Tevatron [28] and the LHC [29, 30] in the 
context of large extra dimensions and DM via effective contact operators. Similar studies have been proposed 
in the context of simplified supersymmetric model [31] and minimal DM [32]. Even if these analyses cannot be 
directly applied to our setup, they show that values m^o of the order of a few hundreds GeV’s are beneath the 
reach of high-luminosity LHC with ^/s = 14 TeV. 

As previously mentioned, the pions, electrons and muons produced via two- and three-body decays —>■ 

are extremely soft (sińce Ato^ ~ few 100 MeV) and, as a conseąuence, invisible to the 
tracking system. Therefore, analysis based on emission with leptons in the finał State (unless Am^ > 10 
GeV, unrealistic in our minimal scenario) are disfavored. On the contrary, the footprint of the soft decays 
—)■ L^tt^, L^e^ye, is represented by the presence of a disappearing 0(10 cm) charged track. At the 

LHC, ATLAS searches of disappearing tracks signatures in the context of simplified supersymmetric models with 
a chargino nearly mass-degenerate with the lightest neutralino place a 95% C.L. exclusion limit for < 270 
GeV with luminosity L = 20.3 fb“^ [33]. Similar studies with simplified supersymmetric spectra [31] and minimal 
DM [32] show that this bound can be further raised considering a center of mass energy of -^/s = 14 TeV and 
L = 3 ab“^. 


C. Two Higgs doublets 


The model features two Higgs doublets, 77“ {Y = —1) and {Y = 1). The most generał potential is [34] 


V{H\H<^) = mlnTK + ^ (i7“*i7“)" + ^ Hj + \^Hi*Hj 




(41) 


Referring to eqs. (14)-(15), the two Higgs doublets are characterized by the usual Goldstone bosons that 

gives the longitudinal component of the and Z gauge bosons, two CP-even scalars hg and 77°, one CP-even scalar 
A° and a charged Higgs 77^. In fuli generality, the SU{2)l breaking vacuum expectation values of the two doublets 
are (77") = (u cos/3/-\/2, 0)"°, (77^^) = (0, V sin fi / . The two Higgs doublet model described by the potential in 

eq. (41) has been studied in ref. [35]. Here, we just notice that our model is compatible with a simplified version 
of eq. (41) in which a discrete Z 2 symmetry is enforced. Imposing the transformation rules d*! —)• —d*!, 4)2 —)■ $ 2 , 
‘l^NP —>■ —‘l>Np it follows that 77^ = Ag = A 7 = 0. Moreover, sińce now (77“) is forced to be zero, the only SU{2)l 
breaking vacuum expectation value is (77'^). In this setup the Higgs sector recovers the so-called Type I two-Higgs 
doublet model [34] where 77"^—coupled to leptons, down- and (via ia 2 H'^*) up-type quarks—plays the role of the SM 
Higgs while the second doublet 77“ is inert. The model predicts deviations of the tree level Higgs couplings to gauge 
bosons and fermions {ghWi 9hff) with respect to their SM values (5®yy, 9h^f)- particular we have 


9 hvv = cos a Ohw i 


9 hf! - cos a . 


(42) 
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The Higgs sector of the model offers a rich phenomenology that can be tested at the LHC considering both the 
existence of new additional degrees of freedom and deviation from the SM Higgs couplings. 


D. Dark matter 


Does the model contain a DM candidate? The simplest possibility is to look for a viable DM candidate in the inert 
Higgs doublet as discussed in the context of the so-called Inert Doublet Model [36] . In this case DM can be identified 
either with or A^, with a mass around 100 GeV [37]. 

There also exists another possibility, related to the presence in the model of the fermionie Higgs partner h‘^ = 
(see eq. (9)). These Higgsinos are stable because the potentially dangerous decay channel arising—after 
EW symmetry breaking, and assuming the inert condition (77“) = 0—form the effectiye operator ea/jCa'/?'(T q • 
- Ta • + h.c.)/M^ in eq. (21) can be kinematically closed by appropriately choosing the mass 

spectrum of the inert doublet. 

As already mentioned in section II A, it is necessary to introduce an extra SU (2)^ doublet with hypercharge T = — 1, 
hereafter, in order to cancel the gauge anomaly. The State together with h'^, can provide a good DM candidate. 
To show it, we explicitly introduce the following gauge invariant soft mass term 

Tsoft = -/iEa/jh" ■ hp + h.c. = -nhl-h°^ + fj,h- -1+ + h.c. = ^ ^ ^ M, (43) 

where, for reason of clarity, we used the following notation 



The mass term in eq. (43) defines a degenerate spectrum of one charged (Dirac) fermion 'k = (h)]', (h„ )‘^)"^ plus two 
neutral fields 


Xi = : X2=4=(^°+^d) 


72' 


72' 


(45) 


obtained diagonalizing the mass matrix in the neutral sector by means of the unitary transformation U = 
\ 1 ) coupling to the Z boson 


Uz = — 


9 


2 cos 6 w 




1 0 
0 -1 


hi 


^9 


2 cos 9w 


{Xl,X 2 )(T^ 


r 

Za i 

Xi \ 


0 J 

vX2 J 


(46) 


is non-diagonal in the mass eigenstates. 

The setup outlined by these equations closely resembles the typical scenario of pure Higgsino DM, in which we 
have four co-annihilating degenerate States (xi,X 2 77T“). The dominant annihilation channels are into EW gauge 
bosons, whereas t-channel annihilation processes mediated by N and (j) are suppressed by the large value of M. The 
thermally averaged effective annihilation cross-section times relative velocity is given by [38] 


{aeBv) = 


5127r/i^ 


(21 + 3tan^0vy + lltan^^^u") , 


(47) 


and, consequently, the relic abundance is set by 



to be compared with the observed value = 0.1199± 0.0027 (68% C.L.) [39]. Therefore, in order to reproduced 

the totality of the observed DM density, one needs /r ~ 0(1 TeV).® Referring to what mentioned at the beginning of 


This conclusion should only be taken as indicative. Smaller values of /i, for instance, are compatible with a cosmological scenario in 
which the decay of heavy gravitinos when DM is already out of eąuilibrium inereases its relic abundance [40]. 
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this section, smaller values of ^ —and, as a conseąuence, smaller values of —are consistent with a mixed scenario 
in which DM is madę of two components, namely the lightest Higgsino State discussed here and the neutral component 
(either or of the inert Higgs doublet. 

Bounds imposed by direct detection experiments [41] constrain the proprieties of the Higgsino DM candidate. 
Referring to the previous discussion, the most dangerous aspect that needs to be addressed is related to the necessity 
of removing the degeneracy between the States {xiiX 2 jh'^}h~). Two smali (that is much smaller than fi) mass 
splittings—a first one, A_|_, between the charged and the neutrals components and a second one. Ag, between the 
two neutral components—do not affect the order of magnitude of the cross-section in eq. (47) but, in addition to 
properly define the actual lightest particie inside the multiplet, play a fundamental role for direct detection. The Z 
boson exchange in eq. (46) leads to a large spin-independent DM-nucleon cross-section, already severely constrained 
by direct detection experiments. However, if the mass splitting is larger than the typical 0(100keV) momentum 
transfer in DM-nucleon scatterings these constraints can be avoided sińce DM can not scatter elastically [42] . In the 
MSSM tree-level mixing with the gauginos and loop corrections introduce both A+ and Ag [43]. In our scenario, 
on the contrary, the only relevant corrections come from the EW gauge loops, and only A+ can be generated [44]. 
Accordingly, the Higgsino realization of the DM setup outlined in this section can be realized only by SUSY-promoting 
the SU{2)l gauge interactions, thus including EW gauginos. 


IV. CONCLUSIONS 

In this paper we have shown that the idea of naturalness is still a useful heuristic principle in model building 
beyond the SM whenever a new mass threshold M above the EW scalę is introduced. As a relevant example, we have 
discussed the generation of neutrino masses in the context of the type-I seesaw. In this case the new physics threshold 
is the mass scalę M of right-handed neutrinos. In summary, the distinctive features of our approach are the following: 

o We have introduced SUSY in order to protect the Higgs mass from large quantum corrections proportional 
to ]VP. The novelty is that only the new physics sector needs to be super-symmetrized while the SM is left 
unchanged. This new way of thinking directly follows from the fact that the SM by itself is a natural theory. 

o Considering the simplest realization of this idea, gauge interactions break SUSY at two loops. Because of this 
breaking, the Higgs mass receives quantum corrections proportional to but featuring an extra suppression 
/Air) with respect to the results commonly quoted in the literaturę. Thanks to this factor, we have shown 
that it is possible to obtain a right-handed neutrino mass scalę that is, at the same time, natural and large 
enough to give rise to baryogenesis (via leptogenesis). 

o We have shown that the model obtained following this approach is characterized by distinctive new physics. In 
particular, we have discussed bounds and signatures related to the existence of extra scalar and fermionie degrees 
of freedom, and outlined the properties related to the presence of a second Higgs doublet. Distinguishing low- 
energy signatures consist of disappearing charged tracks and mono-jet signals, both related to the presence of 
new weakly coupled States. Morę generally, the model proposed in this paper is characterized by the absence of 
colored SUSY partners such as gluinos and squarks. Eor example, the discovery of top partners at the LHC run 
II, therefore, would weaken our scenario. If neither top partners or gluinos will be discovered, on the contrary, 
the approach to naturalness outlined in this paper may play a guidance role for model builders. 

o If larger values of M are required, the SM itself must be madę supersymmetric. This can be implemented in 
stages. In the model here considered, this process starts with the EW gauge sector; its supersymmetrization 
moves to three-loop order the large terms—which are thus further suppressed. At the next order, also 
SUSY partners for the fermions must be included. This approach shows the MSSM under a different light, one 
in which SUSY is not a fundamental symmetry and naturalness is preserved by means of a partially realized 
SUSY in which, in first instance, there are no superpartners for the strongly interacting States. 
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